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A B S T R A C T
A UV-curable nanoclay-zwitterionic hydrogel is synthesised and evaluated though rheological and mechanical
testing. The results show that aging time of the pre-gel has a big impact on storage and loss of modulus which
both increases with increasing aging time, particularly in the first 48 h. The pre-gel is successfully printed and is
shown to be able to support itself making it possible to fully print structures before curing. Compression and
tensile samples are printed and compared to cast samples. The pre-gel aging time showed that an increased time
resulted in a lower strain at failure for both cast and extruded samples. However, when printing with a speed of
10 mm/s with UV-curing during printing, a significant increase in strain at failure is achieved. Furthermore, the
compressed samples display self-healing abilities at room temperature and almost completely returns to its
original state before compression occurred.
1. Introduction
Hydrogels are crosslinked 3D (three-dimensional) polymeric net-
works which contain a large quantity of water and have been ex-
tensively studied for a range of applications such as: tissue engineering
[1], drug delivery [2], contact lenses [3], sensors [4], supercapacitors
[4] and for wastewater treatment [5]. Additive manufacturing (AM)
allows fabrication of complex 3D structures and different AM techni-
ques have been used throughout literature. Extrusion-based 3D printing
is the most commonly used technique for hydrogels and is used in this
study, but other methods have also been used, including ink-jet tech-
niques [6] laser based techniques (2-photon polymerisation [7] and
Stereolithography [6]). Further information about different printing
techniques used for hydrogels can be found in literature [8].
Material extrusion techniques has both been used for materials
which require support structures and for self-supporting materials.
Materials requiring support are commonly printed using suspended
layer additive manufacturing (SLAM) where the hydrogel is extruded
into a material bath that helps support the material during the printing
process [9,10]. Extrusion-based 3D printing without external support is
possible when using materials such as nanoclay hydrogels, since the
clay inside of the hydrogel works as an internal support, giving the
hydrogel its thixotropic and shear thinning properties [11]. Laponite
clay consists of discs (1 nm thick and 25 nm in diameter) which are
stacked together with a Na+ in between the layers. As Laponite gets
dispersed in water, the Na+ dissociate leaving the clay surface with a
positive charge. Negative charges also occur around the rims of the
platelets due to OH− dissociation. This charge distribution leads to the
platelets forming a ‘House of cards’ structure which can be disrupted by
applying shear forces to the material. The platelets can also rapidly
recover back the ‘House of cards’ structure giving it self-supporting
abilities [11] during extrusion printing, which is also known as thixo-
tropic rebuild.
Several studies have been published on extrusion printing of na-
noclay-based hydrogels previously for different materials. Zhai et al.
developed a nanoclay hydrogel using poly(N-acryloyl glycinamide)
(PNAGA) and used a syringe based dispensing technique to print scaf-
folds for bone regeneration [12]. Jin et al. extruded poly(ethylene
glycol) diacrylate (PEGDA)-nanoclay hydrogels with good biocompat-
ibility and low degradation rates [11]. Gao et al. extruded a nanoclay
gelatine methacrylate (GelMa) for complex scaffold structures such as a
branched vessel and bionic ear [13]. None of the papers on AM of na-
noclay hydrogels mention the effect of aging on the printing process or
on the mechanical properties of the hydrogels. Although previous stu-
dies have explored the effect of aging of Laponite suspensions [14–17],
most of them have focused on the rheological properties and non on the
potential effect it might have on mechanical properties. This work will
look into this as well as the effect of other printing parameters.
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In this contribution, a zwitterionic sulfobetaine methacrylate
monomer (N-(3-Sulfopropyl)-N-methacroyloxyethyl- N,N-dimethy-
lammonium betaine (SPE)) was used within a nanoclay hydrogel
system for developing a soft, potentially non-fouling material for bio-
medical applications. A zwitterionic monomer was chosen due to its
potential to be non-fouling at the same time as not being cytotoxic [18].
These non-fouling properties are believed to be caused by the balanced
charge of the zwitterions which may prevent protein absorption on the
surface. Non-fouling properties are useful as it provides a way of con-
trolling cell growth by using a combination of cell adhesive and non-
fouling materials [19] which is important for general tissue engineering
applications. The application in mind during the development of this
material is soft prosthetic sockets for fully integrated next generation
prosthetics which have a connection to the users own nervous system.
Current prosthetic sockets are commonly made from a hard-polymeric
material which does not adapt to dimensional changes of the residual
limb. This will lead to poorly fitting sockets which are very un-
comfortable to the user. The aim of the hydrogel material developed in
this work is therefore to be soft with an ability to recover from com-
pressive forces to adapt to dimensional changes of the residual limb.
Herein, rheological and mechanical characterisations (both compres-
sion and tensile) will be used to evaluate the effect of varying hydrogel
composition, printing parameters and pre-hydrogel aging times for both
cast and printed samples. The ability of the material to recover from
compressive forces will also be investigated.
2. Experimental section
2.1. Hydrogel fabrication
Laponite XLG (BYK Additives) was dispersed in degassed deionised
(DI) water using magnetic stirring for 20 min. N-(3-Sulfopropyl)-N-
methacroyloxyethyl- N,N-dimethylammonium betaine (SPE) (Merck
Chemicals, UK) were then mixed in the dispersed Laponite at a varying
wt.% of monomer and Laponite. Once fully dispersed, 0.4 wt.%
Irgracure 2959 (Sigma-Aldrich, UK) was added.
For cast samples, this material was directly poured into moulds and
was either UV-cured directly or stored at 90 % humidity (to prevent
drying) and cured after 48 h. UV-curing occurred at 365 nm for 1 h at
an intensity of 2.2 mW/cm2.
The material used for printing was loaded into 5 mL syringes
(Beckton Dickinson, New Jersey, United States), wrapped in aluminium
foil and stored in a dark environment from 5 h up to 12days.
2.2. Rheology
Rheological properties of the pre-gel suspensions (before UV-cured)
were measured using an Anton Paar Physica MCR 101 high shear
rheometer with a parallel-plate geometry (25 mm in diameter and a gap
distance of 0.7 mm). To determine the storage modulus (G’) and loss
modulus (G)’’, a continuous ramp test was conducted with varying
shear rate from 0.01 to 100s−1 and an amplitude sweep mode was used
for all of the testing. The rheological properties of different composition
as well as different aging times (for the 10 wt% SPE 6 wt% Laponite
composition) was evaluated.
2.3. 3D printing
All manufacturing experiments were carried out on a multi-process
additive manufacturing kit (System 30 M, Hyrel3D, Norcross, GA, USA),
equipped with a dispensing module (SDS-5, Hyrel3D, Norcross, GA,
USA), using 5 mL luer-lock syringes (Becton Dickinson, Franklin Lakes,
New Jersey, USA) and 250 μm needles of 0.5 in. in length (Adhesive
Dispensing, Milton Keynes, United Kingdom). The SDS-5 module was
fitted with an array of λ= 365 nm UV-LEDs (Fig. 1). The material used
for printing experiments was a hydrogel comprising of 10 wt.% SPE and
6 wt.% Laponite. Prior to printing the material was left inside an en-
closed syringe barrel to settle for 5 h except for the aging studies. A
range of different speeds (5–20 mm/s) were used, to evaluate the effect
of printing speeds on the mechanical properties of the resultant 3D
printed structures. A constant positive displacement value of 90 pulses
per microlitre was applied throughout all printing runs.
2.4. Mechanical characterisation
All of the mechanical testing was performed on as-prepared hy-
drogels and 5 samples were tested for each variable. Variables included;
different printing speeds, different aging of the pre-hydrogel material,
varying the post-curing time and using curing during printing or only
post-curing.
2.4.1. Tension
Cast and 3D printed tensile samples, prepared according to the
ASTM D638-14 type IV standard (with 50 % length reduction) were
tested using a universal testing machine (Instron 5944, High Wycombe,
Buckinghamshire, United Kingdom) fitted with a 2 kN load cell. All
tests were performed at a speed of 10 mm/s until sample failure. Stress
and strain values were automatically calculated using the kit’s pro-
prietary software (Bluehill 3, Instron, High Wycombe,
Buckinghamshire, United Kingdom). Screw side tensile grips were used
to hold the hydrogel in place during testing.
2.4.2. Compression
Cast and printed compression samples with a diameter of 15 mm
and a height of 11 mm were tested in a universal testing machine
(H50KS, Tinius Olsen, Salfords, United Kingdom) fitted with a 1 kN
load cell and compression plates. A speed of 0.1 mm/s was used for all
compression tests. The hysteresis testing had an idle time of 2 min
between each cycle and a total of 10 loading and unloading cycles was
performed for each sample. Each cycle compressed the sample up to a
distance of 80 % of its initial height and not until failure as samples
would not fail before the safety limit of the testing machine was
reached.
3. Result and discussion
3.1. Rheology
Rheological evaluations were performed to see the effect of the
hydrogel’s composition as well as aging time on the rheological prop-
erties. The full data graphs of the effect of both composition and aging
time can be seen in Fig. 2. As seen in the graphs, the crossover point for
G’ and G’’ (yield point (τ0)) occurs at lower and lower shear rates for
increased aging time and at an increased modulus. τ0 indicates a
Fig. 1. Diagram and picture of the 3D suspension system and the printing
parameters evaluated. The platform moved in x direction while the syringe
dispenser moved in y and z direction. Samples were printed at 45° rastering
angle with 100 % infill density.
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transition of the material from a solid-like state to a liquid-like state
[16,20]. Moreover, increased clay content was also showed to move τ0
towards a lower shear rate and increase in monomer content showed
the reverse effect with increase in shear rate (for complete data, Table
S1 and Table S2, supporting information). To successfully 3D print a
material through extrusion, the material needs to be shear thinning, G’
should be above G’’ for low shear rates (this means that the material has
enough storage modulus to retain its own weight) and finally have a
fast thixotropic rebuild time. This study shows that the developed
material has shear thinning properties as well as having G’ over G’’ for
lower shear rates and thus should be able to support itself during
printing. Previous thixotropic research on nanoclay hydrogels has
shown to give a very rapid re-build time of 0.08 s which occurs due to
rapid recovery of its house of cards structure [11]. The material de-
veloped in this work should have similar recovery due to the same
nano-clay system being used. This means that the printing time between
layers could be as low as 0.08 s as the material can support its own
weight after that time which helps give an indication of possible
printing speeds.
The effect of Laponite and monomer content as well as aging time at
a shear rate of 1s−1 (where G’ and G’’ appeared stable for all condi-
tions) can be seen in Fig. 3. Increased Laponite content results in in-
creased G’ and G’’ whereas for the increased monomer content the re-
verse effect is observed. This means that at some loadings, e.g. 10 wt.%
SPE 6 wt.% Laponite, 25 wt.% SPE 8 wt.% Laponite and 50 wt.% SPE 10
wt.% Laponite, the modulus is very similar. An increase in both G’ and
G’’ means that there is an increase in both viscous and elastic properties
of the material. This means that for the increased Laponite content, a
higher force would be needed to extrude the material while an increase
in monomer requires reduced forces. Increased aging time showed an
increase in both G’ and G’’ as well, which may be caused by structural
rearrangement occurring over time to reach a lower energy state. La-
ponite-water suspensions are known to continuously undergo re-
arrangement which increases the viscosity as well as the elasticity [16]
which would explain the result obtained herein. The suspensions with
an aging time below 7 h will not be printable through extrusion due to
too low modulus, the same can be said for some of the compositions (50
wt% SPE 8 wt% Laponite & 25 % SPE 6 wt% Laponite). On the other
hand, some suspensions would be too viscous after preparation to load
the material into syringes without causing bubbles (10 wt% SPE 10 wt
% Laponite). The other compositions should be printable by altering
printing parameters (such as speed and pressure). Furthermore, it is
also important to consider the desired mechanical properties of the
hydrogel when deciding on the composition to use and not only con-
sider the rheological properties. Herein, the 10 wt% SPE and 6 wt%
Laponite composition was used for the printing and mechanical testing.
3.2. 3D printing
The pre-hydrogel material was easy to print and did not require
significant parameter optimisation to print successfully. The material
could also support itself well (since G’>G’’), meaning a printing-then-
curing approach could be used. Even after aging the material for 12
days prior to printing, the material was still successfully printed,
however, upon curing the material turned increasingly opaque
(Fig. 4D), compared to the low-age time material (Fig. 4C). This could
be an indication of phase separation occurring within the hydrogel
upon curing. Scaffolds with low infill density could successfully be
Fig. 2. The effect of aging time (A) and composition (B, C, & D) on storage (G') and loss (G”) modulus. G’ is the top lines while G’’ is the bottom lines. For complete
data set, see Figure S1, supporting information.
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printed without curing or support structures and did not collapse
(Fig. 4F). Compression as well as tensile samples were printed and
mechanically tested and compared to cast samples which are explained
in following sections.
3.3. Mechanical characterisation
3.3.1. Tensile testing
Tensile testing of samples made using different printing parameters,
curing and aging times were compared to tensile testing performed on
Fig. 3. G' and G” data at a shear rate (γ) of 1s−1 for A - varying Laponite content B- varying monomer content and C - varying aging times.
Fig. 4. Different printed parts, each scale bar represents 10 mm. A- tensile sample B- compression sample before curing. C- same compression sample after curing, D-
compression sample with 12 days aged material after curing E- Scaffold structure printed without curing with 10 % infill density F – top view of the same scaffold
which demonstrates the self-supporting ability of the material.
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cast samples. The result showed that the printing speed had a big im-
pact on tensile properties if the samples are cured during printing,
however, if the samples are only post-cured then the speed did not
appear to have any noticeable effect (Fig. 5A). A printing speed of 10
mm/s significantly increased the strain at failure, even higher than for
that of the cast samples (898.3±248.8 % for the non-aged cast samples
and 239.7±51.2 % for the 48 h aged cast samples, see Table S3,
supporting information). It is worth noting that the printing speed also
affected the curing time, since a slower print resulted in increased ex-
posure to the UV-light. Therefore, experiments were also conducted to
evaluate the effect of curing time on mechanical properties, this data
can be found in Fig. S2, supporting information. The result showed that
even reduced UV-intensity (50 %) for the 10 mm/s printing speed still
showed improved mechanical properties compared to the 20 mm/s
printing speed and thus the speed itself is having an impact on failure
strain (Fig. S3, supporting information).
There is a large difference in viscosity from the directly prepared
and aged material, which could potentially affect the polymerisation
process. It is well known that viscosity does have an effect on poly-
merisation. Lower viscosity permits greater monomer mobility which
helps in propagating the free-radical polymerisation process [21]. With
increased viscosity, as seen with aged pre-hydrogel suspension, it is
therefore possible that shorter polymer chains (lower molecular
weight) are obtained and this affects the mechanical properties. Pre-
vious research has shown that higher molecular weight is required to
achieve greater tensile strains in nanoclay hydrogels [22] which is also
observed herein. It was hypothesised that increasing the shear applied
during printing by increasing the speed would reduce the viscosity
enough to achieve a better polymerisation, however, this was shown
not to be the case. Lower printing speed displayed improved elongation
at break which is potentially a consequence of the material having more
time to rebuild the molecular structure between layer deposition. Al-
ternatively, this effect may depend on the molecular weight of the
hydrogel. The later scenario is supported by the fact that the printing
speed had no effect on strain at failure when curing does not occur
during printing. The sample printed at 5 mm/s did not show improved
strain from the 10 mm/s printed sample, this could be because of the
bottom layer being cured for much longer than the top layer which also
caused warping of the edges to occur. The shear force caused by the
printing is important for the curing process, but it seems like a lower
shear force increases the strain at failure. This could potentially be
caused by having less disruption of the clay’s ‘house of cards’ structure
which may also influence the mechanical properties. However, this
cannot be confirmed from this study.
Furthermore, increased aging time of the pre-gel material (before
printing/curing), also showed to have a negative impact on tensile
properties, particularly the strain at failure (Fig. 5B). Previous studies
have evaluated the effect of aging of water-Laponite suspensions. La-
ponite particles in water-suspensions are considered to be trapped by
the neighbouring particles. The trapped particles can then undergo
structural re-arrangements to reach a lower energy state. In Laponite
suspensions, this low-energy state occurs when there are strong laponite
particle interactions which does not get disrupted even with high shear
[16]. This irreversible particle aggregation is also called overlapping
coin configuration [15] or collapsed house of cards structure [23]. The
house of cards structure formation is considered reversible and the
particles can remain dispersed. This has been previously confirmed to
be the case through electron microscopy techniques. It is possible that
the suspension aged at 12 days could have reached its irreversible coin
configuration and thus even with the shear applied during printing, the
clay-structure cannot successfully be disrupted enough to work as a
cross-linker within the system, leading to the significant decrease in
strain at failure.
3.3.2. Compression testing
The data obtained from compression testing displays less depen-
dence on different printing parameters used (Fig. 6). There is no sig-
nificant difference between different printing speeds (Fig. 6A), but the
aging does seem to have some effect on the compression properties
(Fig. 6B). The non-aged cast samples reach significantly less compres-
sion stresses than the 48 h aged samples at the same strain. However,
not much difference is seen between the 48 h aged samples and the 12
days aged samples (Fig 6C). The elastic modulus does increase with
increasing age time meaning that aging does increase the stiffness of the
hydrogel (Table S4, supporting information). Previous studies on PEG
materials have shown that Young’s modulus does indeed increase for
decreased molecular weights [24]. This result may therefore further
confirm that the increase viscosity for the aged samples may have an
effect on the polymerisation process, creating lower molecular weight
hydrogels. However, other studies have shown that there is no effect of
molecular weight on Young’s modulus for high density polyethylene
[25] and some have even shown increased Young’s modulus with in-
creased molecular weight (PVDF nanofibers) [26]. This is very likely to
be dependent on the polymer and manufacturing method as well and
not only the molecular weight.
It is important to consider the material stiffness for biomedical ap-
plications as stiffness can alter cellular behaviours. For example, re-
search has showed that mesenchymal stem cells can respond on surface
Fig. 5. Graphs showing the effect of A- printing speed and curing during or after printing and B- aging time on tensile strain at failure. No clear trends on the effect of
printing speed or aging on UTS, stress at failure and Young’s modulus was observed, see Table S3, supporting information. For complete stress and strain graphs see
Figure S4-S7, supporting information.
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stiffness where soft materials (0.1–1 kPa) results in neuron formation
and stiffer materials (8–17 kPa) led to myoblast formation or osteoblast
formation (25–40 kPa) [27]. Some studies has also shown that in-
creased stiffness of hydrogels causes decreased cellular adhesion of 3T3
Fibroblasts [28]. Low material stiffness has also shown to create longer
neurites than stiffer materials [29,30]. The low stiffness seen of the
hydrogels in this study (∼0.1–1.3 kPa for Young’s modulus and
∼0.1−0.3 kPa for compression modulus) may therefore be advanta-
geous for neural applications. Furthermore, softer hydrogels have also
shown to reduce adhesion of gram-positive and gram-negative bacteria
[31]. Moreover, work conducted in the lab using a neuroblastoma cell
line showed no cytotoxic responses of the hydrogel and extended
neurites were observed, further demonstrating the hydrogels suitability
for neural applications [32].
Images of the compression samples was taken before, directly after
and after certain time points to evaluate the recovery of the hydrogel
(Fig. 7) As seen in the images, the hydrogel almost recovers back to its
original state, apart from a dent seen in the centre of the gel. Self-
healing hydrogels have previously been reported in literature to be
dependent on the reversibility of the crosslinks used. Different kinds of
bonding have successfully shown self-healing mechanisms, reviews of
this has previously been published [33,34]. Other zwitterionic nanoclay
crosslinked hydrogels shown to be self-healing is said to be caused by
diffusing grafted polymer chains that interacts with nearby clay parti-
cles through hydrogen bonding which forms new crosslinks and can
thus fuse separated surfaces together. This can only occur above the
UCST (Upper critical solution temperature), below this healing cannot
occur due to formation of ion pairs [35]. This means that the hydrogel
developed in this work can self-heal at room temperature and would
also be able to do so at body temperature which could be a very useful
property to have for tissue-engineering applications.
3.3.2.1. Compression hysteresis. Compression hysteresis tests showed
that the printing speed has no significant effect on hysteresis
recovery, however, increased aging time does reduce the recovery
between the cycles (Fig. 8B). This is very likely to be affected by the
molecular weight as mentioned previously. Previously reported
research has shown that a reduced molecular weight reduces the
ductility of materials [36] which suggests what is happening in this
case. The area seen between the loading and unloading curve is the
dissipated energy. As seen in Fig. 8A, the first loading and unloading
curve displays the greatest dissipated energy which gets reduced for the
following cycles. This shows that the material has good ability to
dissipate energy and rapid recovery of properties of the hydrogel which
commonly means that the material is highly elastic and have high
toughness. This is usually seen in materials containing nanoclay
crosslinkers and is believed to be as a consequence of the bonding
between the clay particles and the polymer chains being physical
bonds. This allows deformed polymer chains to detach from the clay to
partially release the elastic energy stored in the material [11,37].
Furthermore, printing speed does seem to have a small effect on the
dissipated energy with increased speeds and increased age time as well
causing increased energy dissipation (Fig. 8B). This could be caused by
the detachment of an increased number of chains from the clay which
may have something to do with the possibly lower molecular weight for
the aged samples.
Fig. 6. Compression graphs of averaged data with standard deviation error bars for different printing parameters and aging times. A – Data for different printing
speeds, all printing speeds used curing during printing (CDP). B – Different aging time data with or without CDP. C – Cast samples (aged or non-aged) compared to
printed sample (printed at 20 mm/s without curing during printing).
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4. Conclusion
In this work a nanoclay-crosslinked zwitterionic sulfobetaine hy-
drogel was successfully 3D printed with both curing during printing and
a printing-then-curing approach. The effect of monomer and Laponite
content as well as aging time of the pre-hydrogel on rheological prop-
erties was evaluated. Increased monomer content resulted in reduced G’
and G’’ while Laponite showed the reverse effect. Increased aging time
also showed an increase in G’ and G’’ which may have something to do
with the structure reaching a lower energy state and adapting an
overlapping coin formation. Aging as well as printing speeds did have a
significant effect on the tensile properties, particularly the strain at
break. Compression tests did not show much of a dependence on
printing parameters, however, for compression hysteresis test aging
does seem to have an effect on the ability of the material to recover as
well as the dissipated energy. It was shown that it is important to use
curing during printing to improve mechanical properties which may
indicate that the reduced viscosity during printing have an effect on the
free-radical polymerisation and potentially achieves higher molecular
weight hydrogels. The hydrogel also showed self-healing abilities and
recovered well from compression at room temperature. This work
shows promising properties of the material to be used in printing of
tissue engineering scaffolds. Cell culture studies conducted in previous
work also support this.
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